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Ahbstract

Class TV aleohol dehydrogenase shows o deletion al position 117 with respect 1o class 1
enzymes, which typically have o Gly residue. In elass 1 structures, Glyl17 is part of a loop
iresidues | 14—120) that is highly variable within the aloohol dehydrogenase fanily, A mutant
human class 1V enzyme was enginzered in which a Gly residue was inserted at position 117
{Cil 1 7ims), Tts Kinstic properties, regarding ethanol and primary aliphatic alcohals, secondary
alcohols and pH profiles, were determined and compared with the resulis obtained in
previous smudiss in which the size of the 114-120 loop was modified. For the enzymos
considered, a smaller loop was associated with & lower catalytic ‘efficiency towards short-
chain alcohols {ethanol and propanol) and secondary -aleohols, as well as with a higher X,
for ethanol ut pH 7.5 than at pH 10, The effect can be rotionslized 0 terms of o more
open, solvenl-socessible active site m class TV alcohol dehvdrogenase, which disfavors
productive binding of ethanol und ‘shortchuin aleohols, specially al physiological pH.
& 2000 Elsevier Science Treland Lid. All rights reserved,
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1. Introduction

Class 1V aleohol debydrogenase (ADH) shows distinet kinetic properties, when
compared with class | enaymes, such as higher K, values for ethanol and short-
chain aleohols [1,2], low activity with secondary aleohols [1,34], and higher K,
values for ethanol at pH 7.5 than at pH 10,0 [1,5],

The amino acid sequence of human class IV ADH differs from those of class |
enzymes in about 30% of the residues [2]. Crystallographic data [6,7] and molecular
madels [8-10] have shown that the class 1V three<dimensional structure follows the
genernl protein fold of class T enzymes. The main strugtural differences with
functional relevance for class IV, observed in the substrate-binding pocket, are 4
deletion at residue 117 (Gly in class [) and the substitution of AlaZ9%4 for a Val
residue in rodent class TV enzymes. Both the deletion at 117 [4,8] and the exchange
at 294 [2,11] have been pointed oul 10 explain some of the distine! kinetic properiies
of clags IV enzymes, and have been the subject of & recent publication [10],

In class I ADH, residoe 117 is part of o loop comprising residues 114120, which
1% located near the entrance of the substrate-binding pocket [12,13], within the
previously defined variable segment V2, [14], This loop restricts the access of bulky
substrares to the active site and 1t is flexible enough to adopt different conforma-
tions in binary and ternary complexes [12,15]. The length and sequence of this loop
is highly wvariable in ADH between differcnt classes and species, with many
substitutions, insertions and deletions [16], and it is involved in determining
substrate specificity [17]. In this regard, deletion of residue 115, naturally found in
the horse class | S5 form, renders the enzyme active with steroids while the EE
isozyme (with Asp at position 115) is inactive with these substrates [18,19), In class
1l ADH, the loop becomes an a-helis, which along with Argl 13 35 essential for
S-hydroxymethylglutathions binding [17,20],

In the present work, we provide [urther insights on the kinetic effects of a
single-aming acid mutation (G 17ins) in a highly variable loop of dass IV ADH,

2. Materials and methods

Human class IV ADH cDNA was subjected 1o site-directed mutagenesis and
eapressed in £, coli strain BL2I{DE3)/plysS, usmg a pETSa plasmid, as previously
described [10] Wild-type and mutant enzymes were purified by DEAE-sepharose
and AMP-sepharose chromatographiss. Except otherwise stated, alcohol dehydro-
genase actvity was determingd at 25°C, in (L1 M sodiom phosphate, pH 7.5, n the
presence of 24 mM NAD®. Buffers used for pH profiles were 33 mM sodium
phosphate, pH 7.0-8.0, and 100 mM glycine/NaOH, pH %.0-11.0. Al sach pH, the
data were fitted te the Michaclis—Menten equation by means of the ENZFITTER
{Elsevier Biosoft) software. Substrate docking of 1-pentanol to the human class 1V
structure (PDB code: 1AGN, [6]) was performed by using the ICM program
(version 2.7, Molsoft LLC, 1997), as described [10},
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3, Results and discossion

AL Kineifes with ethanol and other primary aliphatic aleahels

Table | shows the K, values for primary aliphatic alcohols of the wild-type
human class IV and the G117ins mutant. Also, data on single-amine acid muta-
tions invelving loop residues 115 [19] and 116 [21] are mcluded for comparison. In
the three cases examined, the size of the loop 114120 was substantially diminished,
either by deletion {(positions 115 and 117) or substitution by a residue with a smaller
atomic volume (position [16).

When comparing the Gl1Tins mutant with the wild-type class IV enzyme, a
moderate increase was seen in the K values for ethanol and propanol (Table 1),
The Increase was more marked in the horse EE DI115del and the human f3,p,
L116A mutants, with respect to their wild-type counterparts (Table 1), probably
because the change n residue volume was larger and affected the inner part of the
loop. For substrotes containing four or more carbons, the results were guite
cifferent, In the class TV enzyme, the K, values decreased about 3-5-fold with
respect to the G117ins mutant, while in the enzymes with changes at positions 115
and 116 the K, values suffered a slight increase or did not change.

Catalylic constants remained relatively unchanged as the length of the La.rtq:m
chain of the alcohol increased [10,19,21], and thus changes in k_./ K, values were
primarily due to the decrease in K, values (Tuble 1). When log{kt /K, ) was plotted
against the number of carbons for a series of primary aliphatic alcohols (Fig. 1), the
group of enzymes with a more extended loop (G117ins, horse EE, and human [, )
showed linear relationships with moderately positive slopes, indicating a contribu-
lion of substrate hydrophobicily (due 10 apolar methylens groups in Lhe aliphatic
chain) to the binding in the active-site pocket. In contragt, the wild-type class [V
and the L116A mutant displayed biphasic curves with abrupt discontinuities in the

Table |
Ky, values (mM), at pH 7.5, with primary aliphatic aleohols of wild-type and mutant ADH [orma
inviplving changes in loop residugs 115, 116, and 117

Substrate  Residue 115, class [ horse  Residoe 116, class [ Remidoe 117, class IV homan
EE" hagmman U 0,= L
Wild typet D i5del  Wild nype® Lil6A G iTins? Wild type
Ethanol (1,54 & 0.05 14 el 42
Propungl 0.7 16 302 0@ 17 I
Buinnal 13 043 (a1 0.07 4.9 1.0
Pentanol o4 ({0 .02 0.05 1.15 0.3
Hexanol 05 o062 0,02 0,02 046 0.14
* Determined at 30°C, pH 7.3 [19]
" Rel. [21],
= Rel. (100,

4 Engymes containing 2 more extended [oop.
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log (keat/Km)
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MNumber of carbons

Fig. |, Variation of catalytse effickency as o function of substrate chain leagth for different ADH
enzymes. All valoes were messured ol pH 7.5, except those of EE-ADH and D3 5del which were
dotermined 0t pH 7.3, GUITins (-@-), wild-type cluss IV (-C-), )p-ADH {-®-j, LIl6A (-0,
EE-ADH {-¥-), D11 5del (-7-).

L]
o

region between three and four carbons, while the D11 5del mutant showed a distinet
nonlinear plol. It is noteworthy that, for two- and three-carbon alcohols, the
wild-type class IV and the G117ins mutant have about equal k. /K, values (Fig. |).
However, for medium and long-chain alcohols, wild-type class IV showed the
higheit catalytic efficiency, ' I

These results could reflect & poorer binding of short-chain aleohols {sthunol or
propanol) end a much more favorable interiigfion of aliphatic alcohols having four
carbons or more. In fact, a docking Simulation of I-pentanol to human class [V
structure showed that residue 1168 located 6.2 A away from the C2 atom of
aleohol, and thus it would not interact with bound ethanol (Fig. 2). In contrast, C4
and €5 atoms of butanol aod longer-chain substrates could interact with the loop
through van der Waals contacts (Fig. 2} Tt s tempting to speculate that the
deletion at position 117 in class IV, as well uy the other amino acid substitutions
discussed above, create additional space for water molecules to enter the active site,
analogous to what has been proposed for the V294A mutation in class IV [10] and
for class 111 ADH [17,22,23). This effect could increase the number of nonproduc-
tive conformations and it would impair the correct binding of short-chain alcohols,
such as ethanol, resulting in increased K, values, As shown below, the effect of pH
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on the K, value for ethanol of the G1i7ins mutant, compared with the wild-type
enzyme, gives further support o this hypothesis, Medium and long-chain alcohols
would be less affected by the exchangs at 117 because of the extra hydrophobic
binding. This 15 consistent with the observed kinetics with octanol and retinoids
[1a].

A2 Kinetics with secondary alcoholy

Class TV ADH has a very low cfficiency towards secondary aleohels [1,3,4]
{Table 2), It had been suggested that the specificity towards secondary aleohels for
class | enzymes depends on amino acid residues found at positions 48 and 93 [24],
Clags IV enzymes huve the same residues, Thrd® and Phe@3, as §,p -ADH, and yet
thetr K, values for 2-butanol izomers are three orders of magnitude higher [21]
(Table 2). Deletion of Glyil7 in class IV has been pointed out as responsible for
this kinetic behavior [4].

The G117ins mutant showed much lower K, values for the izomers of 2-butanol
than the wild-type enzyme, in contrast to what was observed for the primary
aleoho! 1somer [-butanol (Table 2), Again, wild-type clags IV behavior resembled
that of the LI16A mutant, with very high K, values for (S)-2-butnnol and
(R)-2-butanol [21]. However, the K, values were always higher for the class 1V than
for the class | enzymes [24],

120

Fiz. 2 Docking of Lpentana) to the substrate-binding pocket of human class TV ADH. The van dar
Wanls radii are represenied (or the substrate (in grey) snd residoes el 16 and Yal 204 (io black) The
pulypeptide backbone |4 shown for the loop 114120
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Tiible 2
Kinetic ¢onstants of wild-type pnd momnt humens class [V ADH with secondary aleohole
Subatrate Wild type Gl Tine

R mM) by (min 1) ko Ky Ky (M) gy (i ') K/

(mM ~tmin—" (mM = 'min—"

I-Butanol 1 24000 2400 4.9 1040 210
[f-2-Butanal 1200 465 0.3% 48 3l .53
[$1+2-Butanol 750 410 0.55 62 52 (184
Cyelohexanal 40 1900 4 i 624 2

The k., values also showed o significant decrease, which rendered no signifi-
cant differences in terms of catalytic efficiency between the class IV and the
G117ins mutant, In both enzymes, though, the catalytic efficiency was far below
that of elass I ADH [21]. This means that the deletion at postion 117, although
it contributes significantly, it is not the only stroctural determinant that accounts
for the low efficiency of class IV towards seeondary aleohols.

In contradiction {0 & previous report (4], the wild-type enzyme was found:to
be active with cyclohexanol. In contrast to what happened with the 2-butanol
isomers, the &, value for cyclohexanol was Jess affected by the GllTing (or
LI116A) exchange (Table 2). This could reflect the more hydrophobic character
of cyclohexanol and the larger atomic distance between the hydroxyl group and
the more distal carbon in cyclohexancl in comparison to 2:butanol. This could
provide additional van der Waals mtersctions in the subsatrate-binding pocket.
Despite the activity with cyclohexanol, and the enlarged entrance to the active-
site pocket im class IV, mo activity with steroids has been reported for this
eneyvme (4],

23 Variatfon af fipetic constanty as a funcifor of pH

Fig. 3 digplays the variation of kinetic constants of the wild-fype human class IV
and the G117ins mutant as a function of pH. In ADH. the pH dependence of
Kooy K 18 usually ascribed to jonizalions of the binary complex (enzyme-NAD*),
while the pH dependence of &, depends on ionizations of the ternary complex
{enzyme-NAD" —alcobol). The pH dependence of K, may reflect ionizations of
both binary and (ermacy complexes [25,26]. In Fig. 3, the pH profiles of the
wild-type class IV cnzyme appeared to be shifted towards higher pH values with
respect to those of the G117ins mutant. Although the actual pK, valuss were not
eafoulated, 4 could be estimated that they Increased in wild-type class IV with
respect to the G117ins mutant. In class [ enzymes, the pK, values responsible for
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the pH have been assigned lo zinc-bound aleohol/alcoholate or the zine-bound
water [26-28).

As previously obssrved for stomach class 1V [1,5], the K, values of the recombi-
nant wild-type enzyme for ethanol decreased markedly, from 42 to 6 mM, when the
pH was Increased from 7.5 to 10,0 (Fig 2A). Particalarly, the dramatic 4-fold
decrease in the K value of wild-type class IV between pH 7.0 and B0 could
account for the différences between K, values at pH 7.5 for human class IV
reported in the lterature [1,2,4,5), Conceivably, small differences in the adjusted pH
of the assay buffers could produce & significant experimental variation in K, valoes:

For the Gl17ins mutant, the & for ethanol versuz pH profile appeared to be
shifted towards lower pH values, with a minimum value at pH 9.0 (Fig. 3A). Thig
resulted in a K, value slighthy higher at pH 0.0 that at pH 7.5, which was just
opposite to what was observed for the wild-type enzyme. Interestingly, this behav-
ior resembles that of class 1 enzymes [3,29.30] and, in general, of those enzymes
with & more extended 114-120 loop (Table 3). In this regard, the horse 88 isozyme
[30], which among other changes exhibits a deletion at position 115, follows a
pattern similar to that of class 1V,

The pH effect was even more marked in the V294A mutant and m the rat class
IV enzyme (Table 3), both with a highly solvent-accessible active site [10]. For the
rat enzyme, the K, value for 4-methyipyrazole was also much higher at pH 7.5 than
at pH 1000 (10 vs. 0.2 mM) [2,3]. Moreover, the pH effect is attenuated os the chain
length of the aliphatic alcohol imcresses [1,3], probably due to the mereasing
importance of additional hydrophobic interactions for substrate binding. Thus, a
more open substrate-binding site in class [V ADH [6], accounts for a shift in p&,
values of alcohol- or water-bound zinc, with the net result of much higher K
values for ethanol at physiological pH, s K

Tahle 3
Voriaton of &, valuss with ethanol ks a functien of pH for different fontis of cluss [V and class [
ADH

Enzyme pH 73 pH 100
Clags TV humen 42 fi
Class [V vI94A Iy 280
Class 1V rai® 2400 40
Class | horse 55° e T
11 7ins : 12
Class 1 By 1K Lo
Class | mt' 14 1.4
Class | horse EES 25" 2.0

SRel, (100

"Refl [2].

T REL [30]. _

4 Diptermined ot pH Th

ERel [25], ¥

3 M [3]_ .

U Dhetermmdned ot pH 8.0,
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In conclusion, single-residue exchanges in a highly vanable and Aexible loop
affect kinetic constants for primary aliphatic alcohols, secondary aleohols, and pH
profile, in @ manner consistenl with a more solvent-exposed active site in the
enrymies with & smaller loop. This stady delineates the importance of engyme loops
in determining kinetic propertics and substrate specifimity, ns i1 has been shown
recently in other ADH studies [10,28] and in the aldo—keto reductase superfamily
|31]. Highly variable loops in 4 common structural scaffold may provide the
flexibulity that each enzyme in a family needs to fulfll its function.
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